Apolipoprotein E (APOE) increases the risk for Alzheimer's disease ("4 allele) and cerebral amyloid angiopathy ("2 and "4), but its role in small vessel disease (SVD) is debated. Here we studied the effects of APOE on white matter hyperintensity volume (WMHV) in CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy), a nonamyloidogenic angiopathy and inherited early-onset form of pure SVD. Four hundred and eighty-eight subjects were recruited through a multicenter consortium. Compared with APOE "3/"3, WMHV was increased in APOE "2 (P ¼ 0.02) but not APOE "4. The results remained significant when controlled for genome-wide genetic background variation. Our findings suggest a modifying influence of APOE "2 on WMHV caused by pure SVD.
Introduction
Cerebral small vessel disease (SVD) is the most common cause of vascular cognitive impairment. White matter damage detectable as white matter hyperintensities (WMH) on T2-weighted magnetic resonance imaging (MRI) scans is a hallmark of SVD. 1 Twin and family history studies have demonstrated a strong genetic contribution to WMH. 2 In a recent meta-analysis of studies mostly on elderly individuals, both the Apolipoprotein E (APOE) "2 and "4 alleles were found to be associated with WMH burden. 3 However, this might in part relate to the well-established role of APOE in Alzheimer's disease and cerebral amyloid angiopathy, which are both common in the elderly population and associated with WMH. 4, 5 In fact, disentangling the impact of APOE on WMH in the context of SVD, Alzheimer's disease, and cerebral amyloid angiopathy has been difficult.
Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is a nonamyloidogenic angiopathy caused by mutations in NOTCH3. CADASIL is considered a model of pure SVD because the primary pathology is restricted to microvessels. WMH volumes in CADASIL show a striking variability that is not explained by demographic factors or different mutations at the NOTCH3 locus. 6 Previous studies on potential genetic modifiers found no influence of the APOE "4 allele on WMH volumes. 7, 8 However, sample sizes were relatively small and the APOE "2 allele was not examined. The current study aimed at investigating the effects of the APOE "2 and "4 alleles on WMH burden in the context of pure SVD. This was performed through a large multicenter study in patients with CADASIL.
Materials and methods Subjects
A total of 552 CADASIL patients were assessed at seven university hospitals across Europe as part of the CADASIL genome-wide association study consortium. 6 Nineteen patients were excluded for technical problems during genotyping, another 20 patients because of missing MRI data, and 25 patients because of missing demographic/clinical data. Thus, the final sample size consisted of 488 patients ( Supplementary  Table) . The aims and recruitment criteria of the consortium have been reported in detail. 6 In brief, all subjects underwent a detailed clinical interview after physical examination, blood draw for isolation of DNA, and structural MRI. The study was conducted in adherence to the Good Clinical Practice guidelines and to the Declaration of Helsinki including all revisions. Each site obtained ethical approval from the respective local institutional review board. All participants of the study gave written informed consent for study participation, MRI scanning, and use of DNA.
Genotyping APOE carrier status was determined centrally using an iPlex assay (Sequenom, San Diego, CA, USA). Data from a genome-wide set of 466 single nucleotide polymorphism (SNP) markers from the Affymetrix 6.0 platform (Affymetrix UK, High Wycombe, UK) 6 was used to control for variations in the genetic background of the study cohort (see Statistics section). Because genotyping of the large genome-wide set of SNP markers was less robust than the targeted genotyping of APOE, SNP data were available for only 407 out of the 488 subjects. None of these SNP markers was in linkage disequilibrium (r 2 > 0.1) with the APOE genotype.
Magnetic resonance imaging data processing MR scans were acquired at each site, using scanners operating at field strengths between 0.5 and 3 T. White matter hyperintensities were determined as previously described. 6, 9 In short, lesions were segmented on FLAIR images by a semiautomated method and then checked and corrected by trained raters. The interrater reliability for this procedure was excellent with an intraclass correlation coefficient of 0.996. The WMH volumes were normalized to the intracranial cavity volume by dividing the WMH volume by the intracranial cavity volume, which had been derived from T2-or proton density-weighted images. Given the skewed distribution of the normalized WMH volumes, a squareroot transformation was performed. The normalized and transformed WMH volumes are referred to as nWMHV. A fit of the normal distribution curve onto the distribution of nWMHV is shown in the Supplementary Figure 1 .
Statistical analysis
Demographics, vascular risk factors, and WMH volume were compared across APOE groups, using analysis of variance for continuous variables and X 2tests of independence for bimodal variables.
Multiple linear regression analysis was used to determine the effect of APOE status on nWMHV. Specifically, we examined whether carriers of the APOE "2 or "4 allele showed a difference in nWMHV compared with noncarriers. Because of the small number of subjects homozygous for "4 (n ¼ 8) and the absence of subjects homozygous for "2 we limited our analyses to "2 -and "4-carrier status. We encoded "2 carriers (i.e., "2/"3) and "4 carriers (i.e., "3/"4 and "4/ "4) as dummy variables, with noncarriers (i.e., "3/"3) being the reference group. We performed a stepwise regression analysis with forward selection. nWMHV was entered as dependent variable and APOE carrier status, age, sex, hypertension, hypercholesterolemia, diabetes, and past/current smoker were entered as independent variables.
To minimize the possibility that any APOE effects are driven by differences in genetic background, we conducted an additional regression analysis controlling for genetic background variation in a subset of 407 patients in which the genome-wide set of SNP markers were available. 6 To reduce dimensionality, identity-bystate-based principal component analysis was performed on the SNP markers. 6 On the basis of visual inspection of a plot showing the decrease of the Eigenvalues across the rank-ordered principal components, the first five principal components were selected. Further, we ran a second stepwise regression with forward selection, entering these five principal components in addition to the aforementioned independent variables.
Results
Demographic information and vascular risk factors are reported in Table 1 . The most frequent NOTCH3 mutations were R1006C and R182C (each n ¼ 30).
Stepwise multiple regression analysis resulted in a model including APOE carrier status and age as significant independent variables. APOE "2 carriers showed increased nWMHV compared with the reference genotype "3/"3 ( ¼ 0.031, t ¼ 2.4, P ¼ 0.0185). In contrast, there was no significant association between "4-carrier status and nWMHV ( ¼ 0.017, t ¼ 1.7, P ¼ 0.0935), compared with the same reference group. The sizes of the effects of individual APOE alleles on nWMHV are shown in Figure 1 (model 1) . The covariate age was associated with higher nWMHV ( ¼ 0.005, t ¼ 15.1, P < 2 EÀ16). When further controlling for genetic background variation, the results remained essentially unchanged, i.e., nWMHV was significantly increased in "2 carriers ( ¼ 0.028, t ¼ 2.0, P ¼ 0.0496) but not in "4 carriers ( ¼ 0.008, t ¼ 0.8, P ¼ 0.4428; Figure 1 , model 2). Box plots for nWMHV after regressing out age and genetic background are provided in Supplementary Figure 2 .
Discussion
Our results demonstrate an association between the presence of the APOE "2 allele and higher WMHV in a well-defined population of subjects with inherited pure SVD. In contrast, the APOE "4 genotype was not associated with WMHV. Our finding on APOE "2 is consistent with results from a recent meta-analysis in sporadic age-related SVD, showing an association between APOE "2 allele and increased WMHV. 3 For APOE "4, we found a nonsignificant trend for an effect on WMHV, which disappeared when controlling for genetic background. These results on APOE "4 are in agreement with previous studies in CADASIL that reported no effect of APOE "4 on white matter damage. 7, 8 However, we cannot exclude an association between homozygous APOE "4 genotype on WMHV 3 as this could not be assessed in the current study owing to the low number of subjects with this genotype (n ¼ 8). In summary, our results show that APOE "2 allele contributes to the severity of white matter injury in subject with pure SVD.
We can only speculate on the mechanisms by which the "2 allele increases WMHV in this nonamyloidogenic form of SVD. The APOE "4 and "2 allele both have been found to increase the risk of cerebral amyloid angiopathy through an increased deposition of vascular amyloid beta (A), 10 which may in turn relate to impaired vascular drainage of A. 11 Although vascular A deposition has no role in CADASIL, APOE "2 may be associated with impaired drainage of other proteins leading to microvascular damage. 12 Furthermore, the "2 allele is associated with specific vessel pathologies in CAA, such as vessel dilation, fibrinoid necrosis, microaneurysms and double barreling. 13 Some of these vasculopathic changes have also been observed in CADASIL. Hence, APOE "2 might likewise influence these vascular pathologies in CADASIL.
Another possibility is that the presence of the APOE "2 allele is associated with increased WMH through its influence on inflammation. In population-based studies, higher plasma levels of lipoprotein-associated phospholipase A 2 , a marker of vascular inflammation, were associated with more severe SVD as measured by cerebral microbleeds and WMH. 14, 15 Although the association between lipoprotein-associated phospholipase A 2 and higher prevalence of cerebral microbleeds was dependent on the presence of an APOE "2 allele, 14 such a modulatory effect of APOE " 2 on the effect of inflammation on WMH remains to be tested in future studies.
Specific strengths of the current study include the large cohort of carefully phenotyped patients with genetically defined SVD. Also, the WMH segmentations and genotyping were both performed on a central platform, thus minimizing the between-center variability. Our statistical results were robust, with the "2 effect remaining significant even when controlling for variations in genetic background. Controlling for the genetic background is important, since subtle genetic variation within or between centers could introduce a major bias in the results. A limiting factor is that our study focused on WMH, but we did not assess other imaging features of SVD such as cerebral microbleeds and lacunes. Also, data regarding clinical disease severity (e.g., dementia, onset of cognitive impairment, and stroke) have not been collected. The consortium was established with the specific goal to assess genetic modifiers of WMH in a unique sample of patients with genetically determined SVD. The selection of patients was performed accordingly and imaging modalities needed to assess other SVD marker are sparsely available within the sample. 
